Introduction
Myosins are proteins that bind to actin filaments (F-actin) in an ATP-regulated manner. Binding of F-actin promotes ATP hydrolysis by the myosin, which can power movement of actin filaments or movement of the myosin along actin filaments. The 'motor' activity is contained within the Nterminal 'head' portion of the myosin heavy chain, whereas the C-terminal 'tails' of the heavy chains are quite divergent, binding to a diverse array of partners [1] .
Myosins form >30 distinct classes, based on sequence comparisons of the heavy chains [2] [3] [4] . Traditionally, the myosins-2, the first myosin class discovered, are considered 'conventional' and all other classes are considered 'unconventional'. The conventional myosins form large bipolar filaments via tail-directed homo-oligomerization (Box 1). The unconventional myosins do not form filaments, although some can dimerize. Rather, their tails typically direct membrane binding and binding to other proteins.
Our view of myosins has been colored by the fact that the first myosin understood in detail was skeletal muscle myosin-2, which powers F-actin sliding in sarcomeres during muscle contraction [5] . Thus, when unconventional myosins were found to comprise the motor, fused to a variety of membrane-binding tails (e.g. see Ref. [6] ), it was naturally proposed that unconventional myosins function to move membranous organelles along actin filaments. This view spawned the 'highways and local roads' model in which microtubules serve as long range tracks for organelle transport powered by kinesins or dyneins, whereas F-actin serves as short range transport tracks powered by unconventional myosins [7] . This model made perfect sense at the time, based not only on the background provided by skeletal muscle myosins-2, but also on the finding that organelles could move along actin filaments in extruded squid axoplasm [8] . Once it became clear that some unconventional myosins were necessary for organelle trafficking, this idea gained considerable traction and has since then been a fixture in both textbooks and the primary cell biology literature [5] . We argue that the evidence for unconventional myosins serving as point-to-point organelle transporters in animal cells is not particularly strong and that the organelle transporter idea obscures other important functions for these fascinating proteins.
Unconventional myosins as organelle transporters?
There are some cases in which unconventional myosins could be viewed as functioning as organelle transporters, although direct evidence is very often lacking. For a given process to be accepted as an example of unconventional myosin-powered organelle transport on actin filaments, it must be shown that the organelle is indeed transported on actin filaments, that the unconventional myosin associates with the organelle during transport along actin filaments, and that inhibiting or depleting the myosin stops transport of the organelle [1] . To date, the following examples satisfy these criteria: (i) budding yeast myosin-5 transports organelles along F-actin cables [9] ; (ii) myosin-11 transports organelles along F-actin cables in alga and plants [10] ; and (iii) myosin-5 in amphibian melanophores can transport pigment granules on actin filaments [11, 12] . There are also two other potential cases: myosin-6 is needed for transport of uncoated endocytotic vesicles toward the cell interior in cultured mammalian cells [13] and myosin-5 is needed for transport of endosomes toward the cell interior in cultured astrocytes [14] . In neither of these examples have microtubules been excluded as a potential track because although a short treatment with colchicine did not prevent transport in astrocytes, the effect of this treatment on microtubules was not assessed and, based on other work, it is unlikely to have depolymerized the heavily acetylated microtubules found in these cells [15] . Thus, the evidence for point-to-point transport along actin filaments in these examples must be considered inconclusive.
This list of examples is surprisingly short and could be even shorter than it seems: in the amphibian melanophore system, the major role of myosin-5 could be dynamic alteration of microtubule-based movement, which occurs by engaging in a tug-of-war with the microtubule-based motors rather than by any extensive displacement of the pigment along F-actin tracks [16] . Because this tug-of-war results in changes in microtubule-based movement, these results imply that what seems to be transport on F-actin by an unconventional myosin (such as the astrocyte example earlier) might actually reflect transport on microtubules that is modulated by F-actin and an unconventional myosin.
In addition to relatively few examples of unconventional myosins having a 'conventional' role of organelle transporters, the highways and local roads model is not consistent with the fact that, in the typical animal cell, nearly all of the stable, uniformly polarized F-actin is found in cell surface projections such as filopodia and microvilli, which do not contain membranous organelles [5] . By contrast, the cell types that represent the clear-cut cases of unconventional myosins acting as organelle transportersbudding yeast, alga and plantsdo contain large, internal arrays of uniformly polarized F-actin [5] . Even here, however, the local roads idea does not really work because the arrays in question actually run the length of the cell (in yeast) or run around the perimeter of the cell (plants and alga) and apparently have long-range transport roles.
A further line of evidence argues that most unconventional myosins might not function as organelle transporters. That is, most of the unconventional myosins so-far characterized are relatively slow motors when assayed for their ability to transport F-actin in vitro, having transport rates typically between 0.015-0.4 mm/sec [17] . This is striking when compared with plant myosin-11 and yeast myosin-5, the two motors responsible for the examples of organelle transport described earlier, which have rates an order of magnitude faster, at 4.5 mm/s [17] . These latter rates are similar to those of organelle transport on microtubules in animal cells, implying that unless animals have evolved a special need for slow organelle transport along actin filaments, the unconventional myosins are unlikely to be serving this role.
In addition to being slow, some unconventional myosins have a motor feature that is not easy to reconcile with a simple organelle motor function, namely, the ability to respond to increased load with a reduction in the kinetics of the ATP cycle. This includes myosins-5 [18, 19] and myosin-6 [20] and is particularly apparent in myosins-1 [21] . A recent single-molecule study of myosin-1 elegantly demonstrated that the application of a small force greatly increased the time the myosin remained bound to actin [21] ( Figure 1a ). It is difficult to imagine how an organelle transporter would benefit from a feature that greatly reduces the efficiency of transport exactly when it is needed (i.e. when it is carrying cargo). However, the extraordinary sensitivity of myosins-1 to force fits well with a role in which they act as tension-sensitive tethers. Curiously, the amount of force needed to stall a myosin-1 is approximately equivalent to that exerted by a polymerizing actin filament [22] , which could explain how myosins-1 couple assembling actin to force production on membranes (see later). Box 1. Is myosin-2 really all that conventional?
Our view of myosins has been shaped by the history of their discoverymyosin-2 was the first class of myosins to be identified, >50 years ago, owing to their role in muscle contraction (for a review, see Ref. [86] ). When new classes of myosins began to be uncovered from the 1970s onwards (e.g. see Ref. [87] ), they were described as unconventional myosins, whereas myosins-2 were called conventional, thus implying that myosin-2 is the paradigm myosin and all other myosins are adaptations of this. However, as described here, myosin-2 is a highly specialized myosin and recent evolutionary studies indicate that it is not the most ancient of the myosin superfamily.
Myosins-2 are the only myosins capable of forming bipolar filaments, a feature that is key to their roles both in muscle and non-muscle cells. They are able to form filaments owing to their extended coiled-coil domains, which make up most of their tail [86] ( Figure I ). Muscle myosin-2 forms very large filaments containing many myosin molecules. The bipolar arrangement of myosin-2 filaments means that, as the myosin heads at each end of a filament interact with F-actin, they will slide the actin filaments in opposite directions ( Figure I ). This action underlies the 'sliding filament hypothesis' of muscle contractionwhereby bipolar filaments of myosin ratchet anti-parallel actin filaments together, causing contraction of the muscle [5] . In non-muscle cells, it is not known if myosin-2 works in exactly the same way, although it can generate a contractile force, as is seen in its role in the cytokinetic furrow [88] .
In keeping with the position of myosin-2 as the conventional myosin, it had been thought that this class, along with myosins-1, represented the most ancient of myosins [89] . However, two recent studies of myosin evolution, which are based on a much wider range of genomes than previous investigations, indicate that this is not the case [2, 4] . Instead, it seems that the last common eukaryotic ancestor is likely to have possessed three myosins: a class 1 myosin, a myosin containing a dilute domain (found in myosins-5 and -11) and a MyTH4-FERM myosin, but no myosin-2 [4] . The myosin-2 class is predicted to have evolved at a slightly later stage from the ancestral dilute domain myosins [4] . Therefore, in a very real sense, the 'conventional' myosins are probably much more specialized than is widely thought. Here, just two dimers are shown in a filament, but muscle myosin-2 can form large filaments containing many myosin molecules. When the myosin-2 heads ratchet along the actin filaments towards the barbed ends (+), the actin filaments will slide in opposite directions.
Opinion
Trends in Cell Biology Vol. 19 No.6 Unconventional functions for unconventional myosins Based on the aforementioned evidence, we suggest that the highways and local roads model is not in fact well supported by the available data and we further suggest that although unconventional myosins serve as organelle transporters in yeast, alga and plants, this is unlikely to be their main function in animal cells. What then do the unconventional myosins do in animal cells? Here, we consider several functions for these proteins, including organization of dynamic actin, modulation of microtubule-actin interactions and regulation of transcription, all of which have recently received strong support. (a) Tension sensing: members of the myosin-1 family can act as tension sensors owing to their structural and kinetic properties. Myosins-1 have a two-step working stroke, the second step of which is sensitive to applied force [21] . When tension is applied to the myosin, it is less likely to release ADP and remains bound to the actin filament for longer periods of time. (b) Dynamic tethers: rather than acting to transport organelles along F-actin tracks, there is growing evidence that unconventional myosins (such as myosins-5a and -5b) instead function to tether organelles to cortical F-actin after their delivery to the cell periphery along microtubules by kinesin [23, 25] . These myosin tethers are proposed to be very dynamic and their effect reversible, such that organelles or vesicles can be released and sent back down microtubules to the cell interior via dynein-mediated transport [27] . (c) F-actin organization during endocytosis: myosins-1c and -1e have been shown to organize the assembly of F-actin during endo-and exo-cytosis [27, 35, 36] ; here, compensatory endocytosis is shown. Myosin-1 localizes to the vesicle or granule before the formation of the F-actin coat and is required to organize the F-actin to facilitate its endocytosis. (d) Mitotic spindle structure: myosins-10 and -15 have been found to be involved in maintaining mitotic spindle structure [55] [56] [57] ; here, for simplicity, just myosin-10 is shown. Myosin-10 localizes to the actin-rich cell cortex and to the mitotic spindle and functions in spindle length regulation, spindle pole structure and spindle anchoring [57] . These functions could be partly mediated through possible connections between cortical myosin-10 and astral microtubules or through separate functions by myosin-10 in the spindle interior.
Trends in Cell Biology Vol. 19 No.6 Dynamic tethers for organelles or membrane-associated proteins Several unconventional myosins have now been shown to act as tethers for organelles or proteins, a fact that explains why these myosins are thought to function as point-topoint transporters. Indeed, the first evidence for tethering came from work on myosin-5a, which was initially promoted as a transporter of pigment and secretory granules in mice, but was subsequently found to act instead as a tether for these organelles [23] [24] [25] . In both cases, after being transported to the plasma membrane on microtubules, the organelles bind to cortical F-actin via myosin-5a (Figure 1b) . Similarly, myosin-5b is needed for proper localization of endosomes in many systems, leading to the assertion that it serves as an organelle transporter. The hypothesis that myosin-5b transports endosomes from the perinuclear region to the plasma membrane predicts that induction of tight binding of this motor to F-actin will result in accumulation of endosomes near the nucleus. This prediction was tested using a chemical genetic approach [26] and shown to be incorrect. Furthermore, studies based on chemical-genetic, dominant-negative and overexpression all supported a dynamic tether model [27] . These studies are particularly important in that they not only explain how myosin-5b contributes to an organelle trafficking process, they also make it clear why previous results were misinterpreted to reflect an organelle transport model. Although it remains to be seen whether or not the dynamic tether model functions in other contexts, it has recently been reported that myosin-5b is needed for endosome trafficking in neuronal spines [28] . Because it was thought that microtubules do not penetrate spines, this was interpreted to reflect myosin-5a-powered transport along spine F-actin. However, shortly after that work was published, two new studies revealed that not only do microtubules penetrate spines, they are triggered to do so under the same conditions that induce endosome transport [29, 30] .
The load-dependent activity described for myosins-1 gives them the potential to reversibly anchor membrane proteins in a tension-dependent manner. That myosins-1 have such a role has been strongly supported for myosin-1c, which is thought to control the anchoring of a calcium channel in hair cell stereocilia [31] . At least one other myosin-1 also has a role in tethering a membrane protein: myosin-1a, a component of enterocyte microvilli, is essential for retention of sucrase isolmaltase in the microvillus [32] .
F-actin organization and dynamics
Myosins-1 in budding yeast, Acanthamoeba and Dictystelium can regulate actin assembly by interacting with proteins that stimulate the Arp2/3 complex. In budding yeast, this interaction is important for endocytosis because the power for endocytosis is provided by rapidly assembling actin, which is organized by the myosins-1 such that the force drives PM invagination [33] . Although the motor activity of the myosins is also important [33] , this is apparently not because it transports the vesicle along the actin, but rather because it transports the F-actin associated with the nascent endosome away from the plasma membrane.
Myosins-1 also control F-actin during both exo-and endo-cytosis of cortical granule membranes in Xenopus eggs [34] [35] [36] (Figure 1c ). Disruption of myosin-1c function results in abnormal actin assembly during exocytosis, which limits fusion-pore expansion. Disruption of its function during endocytosis impairs the F-actin coat that normally forms on and compresses the exocytosing granule surface; instead of enclosing the granule, the F-actin extends outward from the apical portion of the granule surface into the cytoplasm [35] . By contrast, when myosin-1e function is disrupted, coat F-actin concentrates on the basal surface of the exocytosing cortical granule [36] . The findings for Xenopus myosin-1c could be relevant to other systems; although it was initially proposed that mammalian myosin-1c transports vesicles that carry the GLUT4 glucose transporter during GLUT4 exocytosis [36] , it was subsequently found to function more proximally to the membrane fusion step and to do so in a manner consistent with it controlling rapidly assembling actin [37] .
Myosin-6 has also been firmly linked to control of actin dynamics and organization. During Drosophila spermatid individualization, myosin-6 localizes to the leading edge of a moving, F-actin-rich structure called the cone. Myosin-6 mutants have reduced levels of F-actin in cones and, furthermore, this F-actin is disorganized [38] . Somewhat surprisingly, dimerization of the myosin-6 heavy chain is not required for myosin-6 function in cones [39] , which implies that transport activity is not likely to be important because dimerization is required for normal motor function in vitro. This finding is also consistent with the observation that the rate of cone movement does not differ between wild-type and mutant embryos. Based on these and other results, the authors propose that myosin-6 does not have any kind of transport role in this process but instead functions to stabilize F-actin branches within the cones, by either recruiting the Arp2/3 complex or protecting filaments from depolymerizing factors [38, 39] .
Myosin-6 has also been implicated in control of adherens-junction assembly in mammalian cells and, again, the conclusion is that this reflects not a transport role, but a role in F-actin organization [40] . In particular, myosin-6 knockdown reduces F-actin packing at junctions [40] . It was also found that myosin-6 forms a complex with Ecadherin, a key adherens-junction protein, and demonstrated that myosin-6 works, at least in part, via binding to vinculin, a protein that organizes F-actin at junctions [40] .
Myosin-10 not only prefers bundled F-actin as a substrate [41] , it is also capable of promoting F-actin bundling in vivo. The first hint of this came from the demonstration that myosin-10 overexpression increases the number of filopodia in mammalian cells [42] . It was subsequently shown that reduction of myosin-10 expression suppressed filopodia formation [43] . Although in principle filopodium induction might reflect some other activity of myosin-10, such as transport of actin-regulatory proteins bound to its tail, a role for the bundling activity was revealed in a clever experiment in which isolated myosin-10 heads were experimentally induced to dimerize [44] . After dimerization, the heads directed formation of actin bundles at the plasma Opinion Trends in Cell Biology Vol. 19 No.6 membrane, giving rise to short plasma-membrane protrusions.
Myosins and microtubules and microtubule-based structures
A growing body of work indicates that unconventional myosins both associate with and have important roles in microtubule-based structures ( Table 1) . Although there are no known examples of myosins that can use microtubules as a motor substrate, several unconventional myosins nevertheless associate with microtubules in other ways, as demonstrated by biochemical and yeast-two hybrid approaches. Both myosin-5a [45] and myosin-10 [46] can bind directly to microtubules via their tails and myosin-5a heads can undergo 1D diffusion along microtubules in vitro [47] . The association with microtubules might also be indirect: myosin-5 has been reported to bind to kinesin [48] ; myosin-6 binds to CLIP-190 [49] , a protein that binds to EB1 and thereby associates with the plus ends of growing microtubules; myosin-7 binds to MAP2B [50] ; and myosin-15 binds to a-tubulin, EB1 and katanin, a microtubule-severing protein [51] .
The potential importance of such interactions is suggested by the following: myosin-5a localizes to centrosomes in a variety of cell types [52, 53] , and myosin-6 localizes to spindle poles in mitotic cells [54] . The role of myosin-5a in the centrosome is unknown, although a small but significant fraction of dilute-mouse-derived fibroblasts fail cell division [53] . Similarly, in myosin-6 knockdown cell lines, a delay in metaphase progression and a higher than normal rate of cytokinesis failure are observed [54] . Additionally, myosin-6 is required for proper spindle orientation in Drosophila neuroblasts [54] . Collectively, these results suggest that myosin-5 and -6 contribute to spindle functions and/or cell division in several different systems.
Recent evidence indicates that two members of the MyTH4-FERM subfamily of unconventional myosins (myosin-10 and myosin-15) are particularly important for proper spindle formation and function [55] [56] [57] . Myosin-10 localizes to the meiotic spindle in Xenopus eggs and inhibition of myosin-10 function disrupts meiotic spindle assembly and orientation [46] . Myosin-10 also localizes to mitotic spindle poles in Xenopus embryos and knockdown of this myosin results in spindle elongation, improper spindle anchoring, spindle pole fragmentation and mitotic delay [57] . Myosin-15 localizes to the chromosomes in Drosophila mitotic spindles [51] . Moreover, disruption of myosin-15 function in Drosophila S2 cells inhibits clustering of centrosomes during spindle assembly, producing spindles with fragmented poles, a phenotype also seen after knockdown of myosin-10 in mammalian cancer cells [55] .
With myosins localizing to the spindle and having roles in spindle function, the obvious question is: where is the actin? Previous work has emphasized the role of cortical Factin in spindle formation and orientation [58] and the potential localization and role of F-actin in the spindle has been the subject of heated debate over many years. However, in the past year, direct imaging of living mammalian oocytes [59] [60] [61] and Xenopus embryos [57] has shown that dynamic F-actin does indeed associate with spindles. Thus, it is possible that at least some of the roles for myosins in the spindle might rely on interactions with spindle actin (Figure 1d ), although this will require further investigation to confirm.
Nuclear myosins
Several years ago, De Lanerolle and colleagues demonstrated that myosin-1c is targeted to the nucleus [62] and then showed that it has a role in transcription [63] . This pioneering work opened a new area of research into nuclear myosin and, to date, at least five different myosins (myosin-1c, myosin-5a, myosin-6, myosin-10 and myosin-16; Table 2 and references therein) have been reported to localize to the nucleus. These results seem surprising because many previous studies of the same myosins failed to detect them in the nucleus. Although in most cases the basis for this discrepancy is unclear, a particular splice form of myosin-1c is targeted to the nucleus [62] , whereas myosin-5a is apparently targeted after phosphorylation [64] . What do the myosins do within the nucleus? Myosin-1c associates with and is necessary for efficient transcription by RNA polymerase (Pol) I [63] . Myosin-1c is also involved in chromatin remodeling [65, 66] . Both of these functions depend on actin as well, and the polymerases bind actin, but precisely how myosin-1 and actin contribute to these processes is quite mysterious. Myosin-6 is also apparently involved in transcription, but by RNA Pol II [67] . Again, the details are poorly understood but with further application of in vitro and in vivo approaches it should be possible to distinguish between models in which the myosins serve to move the polymerases and models in which they serve to anchor the polymerases on the chromatin.
Retrograde flow and membrane extrusion
Retrograde flow is the process by which F-actin is pulled inward (that is, away from the cell periphery) and is powered, at least in part, by myosin. Retrograde flow is observed in lamellipodia [68] and also in plasma membrane extensions such as filopodia [69] , microvilli [70] and stereocilia [71] . In all cases, it is thought to regulate membrane protrusion and it could also help actin cytoskeleton recycling. Myosin-1c has been directly shown to participate in retrograde flow in lamellipodia of mammalian cells [72] and, given the fact that filopodia, microvilli and sterocilia exclude myosin-2 but are rich in unconventional myosins, it is likely that the latter are also responsible for providing at least some of the force that powers retrograde flow of F-actin within these structures.
A potential consequence of a PM-associated unconventional myosin moving along a bundle of actin filaments in a PM projection is transport of membrane in the same direction (that is, to the tip of the projection). That such transport occurs was recently demonstrated in isolated brush borders [73] . Membrane is moved in the plus-end direction toward the tips of microvilli by myosin-1a. This results in the shedding of membranous vesicles from the microvillus tip, a process that also occurs in association with a wide variety of microvilli in vivo [73] .
Cortical tension control
One of the early findings from studies of amoeboid cells subjected to systematic knockout of myosins-1 was a dramatic increase in the extension of 'inappropriate' pseudopodia [74] . Because this could potentially result from a loss of cortical cytoskeletal strength, it was proposed that one of the roles of myosins-1 in these systems was strengthening of the cortical actin cytoskeleton [75] . This point has been tested for several Dictyostelium myosins and, depending on the isoforms, knockdown of either a single or two or more myosins results in a significant reduction of cortical tension [76, 77] . Whether myosins-1 are also involved in lending strength to cortices in mammalian cells is unknown, but it is consistent with the recent demonstration that podocytes in mouse myosin-1e knockouts are more prone to damage [78] .
Conclusions
In summary, the number of cases in which unconventional myosins function is growing, as is the number in which the role does not seem to depend on transport at all. This includes examples in which the myosins control the force exerted by assembling actin and rather more surprising roles modulating interactions between the F-actin and microtubule cytoskeleton and controlling transcription. These findings are in keeping with the remarkable variation seen in the myosin motor domain across the different myosin classes and even within classes. A major goal of future studies should be understanding exactly how unconventional myosins work in these various processes and how variations in motor attributes equip the unconventional myosins for their jobs.
